Introduction {#s0001}
============

Discovery and application of antibiotics are recognized as the cornerstones of modern medicine.[@cit0001] However, the emergence and prevalence of antibiotic resistance and antibiotic tolerance threaten this therapeutic pipeline in treatment of bacterial infections.[@cit0002] Different from antibiotic resistance, antibiotic-tolerant bacteria are genetically susceptible but phenotypically resistant to antibiotic treatment.[@cit0003] In particular, the formation of non-growing subpopulations such as bacterial persisters is one of the important antibiotic tolerance phenotypes, which acts as an underappreciated role in chronic or recurrent infections.[@cit0004] It has been proposed that some physiological and environmental cues such as starvation, acid stress, quorum sensing, biofilm, and indole signaling could promote persister cells formation.[@cit0005] Although the accurate molecular mechanisms of persisters formation are still a matter of debate, it has been suggested that these persister cells commonly have low metabolic activity, including decreased tricarboxylic acid (TCA) cycle and proton motive force.[@cit0006]

Up to now, several strategies have been proposed to combat antibiotic resistant pathogens, including discovery of novel antibiotics,[@cit0007],[@cit0008] antibiotic adjuvants,[@cit0009],[@cit0011] and other alternatives.[@cit0012] For example, a novel antibiotic termed teixobactin,[@cit0013] discovered from uncultured bacteria, was found to effectively kill resistant Gram-positive bacteria by inhibiting cell wall synthesis. Recently, a new antimicrobial agent named darobactin[@cit0014] from a screen of *Photorhabdus* isolates was discovered, which is active against multiple resistant Gram-negative pathogens. In addition, the discovery of novel antibiotic adjuvants such as Aspergillomarasmine A restores meropenem activity against metallo-β-lactamase-producing pathogens.[@cit0015] Despite these ongoing effects, these strategies are not applicable for bacterial persisters. It is imperative to develop feasible approaches to tackle bacterial persisters.

Accordingly, the metabolic state of bacteria has been found to closely correlate with their susceptibility to antibiotics.[@cit0005] Specifically, it has been demonstrated that antibiotic efficacy could be improved through altering bacterial metabolism.[@cit0016],[@cit0017] Therefore, we hypothesized that bacterial metabolism regulators may provide a novel strategy in the eradication of antibiotic refractory bacteria. In this study, we investigated the potential of 20 natural amino acids in restoring antibiotic activity against Gram-negative bacterial persisters. Importantly, we found that cysteine could effectively potentiate bactericidal antibiotics activity against Gram-negative bacterial persisters through promoting bacterial respiration and ROS production.

Materials and Methods {#s0002}
=====================

Bacterial Strains and Chemical Reagents {#s0002-s2001}
---------------------------------------

The bacterial strains used in this study are listed in Supplementary [[Table S1](https://www.dovepress.com/get_supplementary_file.php?f=263225.docx)]{.ul}. Unless specifically noted, bacteria were grown in Mueller-Hinton broth (MHB) at 37°C at 200 rpm. To obtain different growth phase bacteria, overnight *E. coli* were diluted 1/1,000 into 5 mL fresh MHB, and grown to exponential-phase (4 hours) or stationary-phase (8 hours). To obtain bacterial persisters, *Escherichia coli* B2, *Escherichia coli* ATCC 25922, *Salmonella enteritidis* ATCC 13076, *Acinetobacter baumannii* ATCC 19609, and *Pseudomonas aeruginosa* PA14 were grown to late-stationary phase for 16 hours at 37°C and then treated with ciprofloxacin (10-fold MIC) for 4 hours to kill non-persistent cells, according to a previous study.[@cit0018] Antibiotics were obtained from China Institute of Veterinary Drug Control and other chemical reagents were purchased from TCI chemicals (Japan).

Minimum Inhibitory Concentration (MIC) Measurements {#s0002-s2002}
---------------------------------------------------

MICs of different antibiotics were determined using the two-fold serially microdilution method according to the CLSI 2018 guidelines.[@cit0019] Then, the samples were incubated at 37°C for 18 hours and the MIC values were interpreted as the lowest concentrations of antibiotics with no visible growth of bacteria.

Bactericidal Activity of Antibiotics in the Presence of Amino Acids {#s0002-s2003}
-------------------------------------------------------------------

To evaluate the effect of different amino acids on the eradication of *E. coli* B2 persisters, surviving cells after treatment with ciprofloxacin (10-fold MIC) for 4 hours were pelleted and resuspended in M9 minimal medium. Then, persister cells (about 10^8^ CFUs/mL) were treated with ciprofloxacin (10-fold MIC) and 20 amino acids alone (10 mM) or their combination. After 4 hours of treatment, 50 μL samples were removed, serially diluted, and spot-plated onto MH agar plates to determine colony-forming units (CFUs)/mL, and the percentage of surviving cells at 4 hours divided by initial CFUs/mL were calculated. In addition, the synergistic bactericidal activity of cysteine and ciprofloxacin in another four Gram-negative bacterial persisters was evaluated as described above. Meanwhile, the effect of cysteine on three antibiotics (ampicillin, kanamycin, and ciprofloxacin) killing against exponential and stationary-phase *E. coli* ATCC 25922 and *E. coli* B2 was determined by measuring the CFUs reduction of *E. coli* by antibiotic with or without cysteine.

NAD^+^/NADH Determination {#s0002-s2004}
-------------------------

*E. coli* B2 persisters were collected and diluted into OD~600~=0.5 in M9. Then, different concentrations of ciprofloxacin (0, 1, 5, and 10-fold MIC) were added with or without cysteine (10 mM). After 4 hours incubation, cell pellets were washed with 0.01 M PBS (pH=7.2) and re-suspended with 200 μL precooled extraction buffer (Beyotime, China). The lysate was centrifuged at 12,000 g for 10 minutes at 4°C, and supernatant was measured using an NAD^+^/NADH Assay Kit with WST-8 (Beyotime, China).

Bacterial Respiration and ROS Assay {#s0002-s2005}
-----------------------------------

Effect of cysteine on the bacterial respiration was monitored by reduction of iodonitrotetrazolium chloride (INT).[@cit0020] Briefly, *E. coli* B2 persisters were diluted into OD~600~=0.5 in M9, and cysteine (10 mM) was added. Subsequently, 1 mM INT and 0.6 mM NADH were added as substrate and the solution was incubated for 1 hour in the dark. INT reduction was stopped by addition of 5% trichloroacetic acid. Insoluble formazan was centrifuged for 5 minutes at 13,000 g, extracted with 1 mL ethanol. Absorbance of the supernatant at 485 nm was measured during 60 minutes.

2′,7′-dichlorodihydrofluorescein diacetate[@cit0021] (DCFH-DA, 10 μM) were added into *E. coli* B2 persisters suspension. After being incubated at 37°C for 30 minutes, 190 μL of probe-labeled bacterial cells were added to a 96-well plate and 10 μL of ciprofloxacin (0, 1, 5, and 10-fold MIC) without or with cysteine (10 mM) were added. After incubation at 37°C for 1 hour, fluorescence units were immediately measured with the excitation wavelength at 488 nm and emission wavelength at 525 nm using an Infinite M200 Microplate reader (Tecan, Switzerland).

Results and Discussion {#s0003}
======================

We used a multidrug-resistant (MDR) isolate *E. coli* B2 as an indicative strain, which is resistant to almost all commonly used antibiotics expect tigecycline.[@cit0022],[@cit0024] To explore the effect of 20 amino acids on ciprofloxacin killing against bacterial persisters, *E. coli* B2 persisters were treated with ciprofloxacin (10-fold MIC) and 20 amino acids alone or their combinations. After 4 hours treatment, the percentage of surviving *E. coli* B2 cells divided by initial bacteria were calculated. We found that above 85% cells survived after exposing ciprofloxacin alone ([Figure 1A](#f0001){ref-type="fig"}, first column) or 20 amino acids alone (Supplementary [[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=263225.docx)]{.ul}), indicating that ciprofloxacin or amino acids monotreatment displayed weak bactericidal activity against *E. coli* B2 persisters. In combinational treatment groups ([Figure 1A](#f0001){ref-type="fig"}), the results showed that the vast majority of amino acids such as alanine and valine have no remarkable effect on ciprofloxacin killing. By contrast, two amino acids involve asparagine and glutamine modestly impaired ciprofloxacin activity and promoted bacterial replicate. Only four amino acids including proline (non-polar amino acid, pI=6.30), cysteine (polar amino acid, pI=5.02), arginine (cationic amino acid, pI=10.76), and aspartate (anionic amino acid, pI=2.97) showed a significant synergistic bactericidal activity with ciprofloxacin in the elimination of *E. coli* B2 persisters, implying that the potentiation potency of amino acids is independent of their physicochemical properties. Among these four amino acids, cysteine showed the best potentiation with an above 99% eradication rate of *E. coli* B2 persisters.Figure 1Cysteine potentiates ciprofloxacin killing against stationary-phase bacteria and persisters, but not exponential-phase bacteria. (**A**) Effect of 20 *L*-amino acids (10 mM) on ciprofloxacin killing against *E. coli* B2 persisters. The initial persisters counts (CFUs/mL) were defined as 100% (red line). (**B** and **C**) Addition of cysteine (10 mM) has no effect on three bactericidal antibiotics activity in exponential phase (4 hours) antibiotic-sensitive *E. coli* ATCC 25922, whereas it significantly potentiates antibiotic activity against stationary phase bacteria (8 hours). (**D**) Cysteine (10 mM) improves ciprofloxacin activity against multi-drug resistant *E. coli* B2 in the stationary phase, but not in the exponential phase. (**E**) Cysteine improves ciprofloxacin killing against multiple Gram-negative bacterial persisters. All data were obtained in three independent experiments and are shown as mean±SD. n.s., not significant, \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, determined by unpaired *t*-test.**Abbreviations:** Cys, cysteine; AMP, ampicillin; KAN, kanamycin; CIP, ciprofloxacin.

Having shown the potentiation of cysteine in the fight against *E. coli* B2 persisters, we next evaluated the synergistic bactericidal activity of cysteine with three antibiotics from different classes and modes of action against non-persisters, including exponential-phase and stationary-phase bacteria of *E. coli* ATCC 25922 or *E. coli* B2. Intriguingly, we found that the addition of cysteine could not enhance the sterilization effect of ampicillin (cell wall), kanamycin (protein), and ciprofloxacin (DNA synthesis) against exponential-phase *E. coli* ATCC 25922 ([Figure 1B](#f0001){ref-type="fig"}). However, a significant bacterial CFUs reduction after treatment with the combination of antibiotics with cysteine was found in stationary-phase *E. coli* 25922 ([Figure 1C](#f0001){ref-type="fig"}). For MDR clinical strain *E. coli* B2, a similar synergistic effect in stationary-phase bacteria but not in exponential-phase bacteria were also observed ([Figure 1D](#f0001){ref-type="fig"}). In addition, we found that three antibiotics exhibited better bactericidal effects against exponential-phase bacteria than stationary-phase bacteria. This observation was consistent with the previous notion that stationary-phase bacteria are harder to treat, because most of the stationary-phase bacteria are in a low-growth state due to the limitation of nutrients and the increase of toxic metabolites.[@cit0025] Similarly, bacterial persisters are commonly characterized by quiescent and slow-growing bacteria.[@cit0026] We next evaluated the potentiation activity of cysteine with ciprofloxacin in other notorious Gram-negative bacterial persisters, including *E. coli* 25922, *S. enteritidis* 13076, *A. baumannii* 19609, and *P. aeruginosa* PA14. As expected, remarkably reduced bacterial persisters in combinational treatment were observed ([Figure 1E](#f0001){ref-type="fig"}), indicating the potentiation potency of cysteine in improving antibiotics activity against Gram-negative bacterial persisters. Taking these results together, we concluded that the potentiation of cysteine with antibiotics is efficacious for inactive bacteria such as stationary-phase pathogens and bacterial persisters, but ineffective for those bacteria that are already active, such as exponential-phase bacteria.

Previous studies have shown that drug-drug interactions may contribute to the improve specific drugs activity.[@cit0027] To evaluate whether there is a drug-drug interaction between cysteine and antibiotics, the MICs of antibiotics in the absence and presence of cysteine (10 mM) against *E. coli* ATCC25922 and *E. coli* B2 were compared. However, we did not observe a decreased MIC values in the presence of cysteine, suggesting no direct drug-drug interaction between cysteine and antibiotics (Supplementary [[Table S2](https://www.dovepress.com/get_supplementary_file.php?f=263225.docx)]{.ul}). Given the potentiation of cysteine is highly dependent on the metabolic states of bacteria, but independent of antibiotic types and their modes of action, we hypothesized that cysteine may specifically enhance bacterial metabolism and thereby restore antibiotics activity. In addition, cysteine could be metabolized to pyruvate and further converted into acetyl-coenzyme A,[@cit0028] which is the major upstream input for the TCA cycle. Thus, we first investigated whether the addition of cysteine affects the TCA cycle, which is recognized as the hub of bacterial substance and energy metabolism.[@cit0029] In this progress, NAD is reduced to NADH by a series of redox reactions, thus the production of NADH and the ratio of NAD^+^/NADH is an important index to characterize TCA cycle. Thus, we monitored the NAD^+^/NADH ratio of *E. coli* B2 persisters after treatment with increasing concentrations of ciprofloxacin alone or in combination with cysteine. We found that cysteine drastically decreased the bacteria NAD^+^/NADH ratio with or without ciprofloxacin ([Figure 2A](#f0002){ref-type="fig"}), indicating that cysteine could accelerate the bacterial TCA cycle. In agreement with our observations, a previous report has also showed that carbon sources such as fumarate could potentiate tobramycin activity by stimulating the TCA cycle.[@cit0030] In contrast, inactivation of the TCA cycle promotes persister cells formation in multiple pathogens, including *S. aureus* and *E. coli*.[@cit0031]Figure 2Exogenous cysteine promotes bacterial respiration and production of reactive oxygen species (ROS). (**A**) Exogenous cysteine (10 mM) decreases the ratio of NAD^+^/NADH in the absence or presence of ciprofloxacin. (**B**) Enhanced bacterial respiration by exogenous cysteine (10 mM) during 60 minutes, determined by iodonitrotetrazolium chloride, a reduction-sensitive dye. (**C**) Addition of cysteine significantly triggers the production of ROS with or without ciprofloxacin, probed by 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA). (**D**) ROS scavenger NAC counteracts the potentiation activity of cysteine with ciprofloxacin against *E. coli* B2 persisters. NAC, *N*-acetylcysteine. (**E**) Scheme of potentiation mechanisms of cysteine. Cysteine might be metabolized to pyruvate and further entry into the TCA cycle, then promotes the NADH production and bacterial respiration, triggers ROS production (partly from oxidation of cysteine), and thereby improves bactericidal lethality against bacterial persisters. All data in (**A--D**) were obtained in three independent experiments and areshown as mean±SD. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, determined by unpaired *t*-test.

To explore whether the increased NADH from the TCA cycle would promote bacterial respiration, we used a reduction-sensitive dye named iodonitrotetrazolium chloride to monitor *E. coli* B2 persisters respiration in the absence or presence of cysteine. Consistently, a significant enhanced bacterial respiration by cysteine during 60 minutes was observed ([Figure 2B](#f0002){ref-type="fig"}). It has been demonstrated that enhanced respiration prevents drug tolerance in *Mycobacterium tuberculosis* and ultimately leads to mycobacterial cell death by isoniazid.[@cit0032] Increased bacterial respiration is always accompanied with generation of reactive oxygen species (ROS). In addition, previous studies have demonstrated that cysteine can be oxidized and accompanied by the generation of ROS due to the presence of its thiol group.[@cit0033],[@cit0035] Thus, we reasoned that the addition of cystine may induce a large amount of ROS production through two different means. To test this, we next determined the ROS production of *E. coli* B2 persisters after treatment with ciprofloxacin and cysteine alone or their combination. Consistent with our hypothesis, cysteine alone triggered more generation of ROS than four other amino acids ([[Supplementary Figure S2](https://www.dovepress.com/get_supplementary_file.php?f=263225.docx)]{.ul}). Most importantly, the combination of cysteine and ciprofloxacin drastically enhanced ROS production compared with ciprofloxacin alone ([Figure 2C](#f0002){ref-type="fig"}). Despite some controversies, it has been widely acknowledged that ROS mediated killing is more or less important for bactericidal antibiotics.[@cit0036],[@cit0037] To explore whether the enhanced ROS by cysteine play a critical role in its potentiation activity, we performed a time-killing curve of *E. coli* B2 persisters in the presence of ciprofloxacin and in combination with cysteine and/or *N*-acetylcysteine (NAC; ROS scavenger). We found that the addition of NAC not only abolished the weak bactericidal activity of ciprofloxacin but also counteracted the potentiation of cysteine to ciprofloxacin ([Figure 2D](#f0002){ref-type="fig"}), demonstrating that ROS is indispensable in the synergistic activity of cysteine with bactericidal antibiotics against Gram-negative bacterial persisters.

Conclusion {#s0004}
==========

In conclusion, we reveal the important values of amino acids such as cysteine in assisting bactericidal antibiotics to eliminate bacterial persisters. Specifically, cysteine effectively potentiates multiple bactericidal antibiotics killing in the fight against various Gram-negative bacterial persisters through stimulating bacterial respiration and triggering the production of ROS, and converting persister cells to metabolically active cells ([Figure 2E](#f0002){ref-type="fig"}). These findings suggest that bacterial metabolism regulators may be an important pipeline to treat the growing infections caused by bacterial persisters in the clinical setting. Further investigations are still required to provide a better understanding of their molecular mechanisms and verify the efficacy of this combinational treatment in vivo.
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